Introduction
African swine fever (ASF) is a viral disease of domestic pigs that causes a lethal peracute or acute hemorrhagic fever, or a less virulent chronic disease [22] . It was first described from East Africa in 1921 [19] , but subsequently identified in southern, central and West Africa [22] . The aetiological agent, ASF virus (ASFV), is a large enveloped icosahedral arbovirus of the Asfivirus genus in the family Asfarviridae and has a linear, covalently close-ended, double-stranded DNA genome, 170-190 kbp in size [6] .
The disease is indigenous to the African continent where it circulates in one of three distinct cycles: (1) an ancient sylvatic cycle involving eyeless argasid ticks of the Ornithodoros genus and wild suids such as warthogs (Phaecochoerus aethiopicus and bushpigs (Potamochoerus porcus), (2) a tick -domestic pig cycle and (3) a domestic pig cycle that occurs in the absence of ticks [22] . In the sylvatic cycle, the natural hosts of the virus are wild African suids, which become subclinically infected, and argasid ticks, which when infected, amplify and transmit the virus when feeding on wild or domestic pigs [22, 23, 25, 30] . Once the virus is introduced into a naïve herd, horizontal transmission occurs swiftly among domestic pigs, a factor that was readily appreciated following the introduction of the disease to Europe in 1957 [2] .
Although eradicated from most of Europe, ASF remains a disease of worldwide relevance as many countries within and outside the African continent have suitable hosts for ASFV in their pig and wild suid populations. In addition, the threat of virus maintenance posed by diverse globally distributed argasid ticks of the Ornithodoros genus is significant [10, 14] . The fact that the virus has high morbidity, is shed in all excretions of clinically ill domestic pigs [19] , is extremely resistant to harsh environmental conditions [8, 24] , and that there is no vaccine to protect against the disease [31] , makes potential ASF introduction to naïve pig herds a serious threat.
In the event of an ASF outbreak, stamping out and movement restriction are the main control measures undertaken and hinge on the rapid laboratory confirmation of ASFV. Initial detection is usually followed by molecular characterization of outbreak strains in order to identify the possible source of the virus, thereby preventing further introductions. PCR amplification and sequencing of the p72 gene coding for the major capsid protein is increasingly being used to distinguish viruses from recent outbreaks in sub-Saharan Africa [1, 2, 9] and 10 distinct viral genotypes are presently known to occur in this region [1] . Of these, genotype I comprising viruses from Europe, South America, the Caribbean and West Africa (and termed the ESACWA genotype), represents the most widespread and homogeneous genotype identified thus far.
The epidemiology of ASF in East Africa is complex. Not only is there evidence for a sylvatic cycle, but a domestic pig cycle and a pig-tick cycle have also been described [11, 22] . Despite the presence of all three cycles no extensive molecular database comprising ASFV strains from different host species is available which would assist in clarifying the epidemiology of the disease in this region. This study aims to address this shortcoming by extensive sampling and p72 gene characterization of East African viruses of diverse species and temporal origins so that a comprehensive regional database can be established that will be useful for future outbreak eventualities and that will provide epidemiological insights into historical and contemporary outbreaks of the disease in this region.
Materials and methods

Study area and samples
For the purpose of this study, East African countries are defined as those occurring east of latitude 20
• 00 E and south of latitude 5 • 00 N, but excluding Namibia, South Africa, Botswana and Zimbabwe. This area encompasses the following eight countries: Burundi, Democratic Republic of Congo, Kenya, Malawi, Mozambique, Tanzania, Uganda and Zambia. A total of 77 viruses of diverse species and temporal origin from these eight East African countries were sequenced and characterized in this study, with the majority of viruses being supplied by the World Reference Laboratory, Institute for Animal Health (IAH), Pirbright. Additional strains were isolated at the Onderstepoort Veterinary Institute (OVI), Agricultural Research Council (ARC) from clinical material supplied by the respective departments of veterinary services (summarized in Table 1 ).
Virus isolation
Primary swine macrophage cultures were prepared in 96 well plates as described by Malmquist and Hay [17] with slight modifications. Inoculum containing 10% (w/v) of sample material in wash buffer consisting of phosphate buffered saline (PBS), antibiotics (Penicillin, Streptomycin, and Neomycin) and normal bovine serum (NBS), was inoculated on the cells in 10 fold dilutions. The cells were examined daily for cytopathogenic effect or haemadsorption. Viruses from positive wells were harvested and stored at −70 • C.
Extraction and genomic amplification of viral DNA
DNA was extracted from 100 µl aliquots of virus samples or tissue sample homogenates using a silica/guanidium-based nucleic acid extraction method [3] . A diagnostic PCR was used to confirm the presence of ASF viral DNA using ASF-1 and ASF-2 primers and protocols prescribed for ASF diagnosis in Chapter 2.1.12 of the 2000 edition of the OIE Manual of Standards for Diagnostic Tests and Vaccines, whilst p72 genotyping was achieved by PCR using P72-U and P72-D primers [1] which amplify a 478 bp C-terminal region of the p72 gene. All PCRs were conducted in a final volume of 50 µl, containing 1 × buffer (Roche), 2.5 U Taq polymerase (Roche), 0.5 µM of each primer and 200 µM dinucleotide triphosphates (dNTPs) (Roche). Amplification of the C-terminal region of p72 was achieved following 40 cycles of denaturation at 96 • C for 12 s, annealing at 50 • C for 20 s and extension at 70 • C for 90 s.
Genomic characterization and phylogenetic analysis
Amplification products were electrophoresed on a 1.5% agarose gel against a 100 bp DNA marker (Promega) and visualized by UV irradiation and ethidium bromide staining.Amplicons of the correct size were excised from the agarose gel and purified using the NucleoSpin Extract 2 in 1 kit (Macherey-Nagel) according to the manufacturer's specifications. Nucleotide sequences were generated with an ABI Prism 310 Genetic Analyzer (Applied Biosystems) using Big Dye v.3.0 cycle sequencing kit ready mix, and aligned using the DAPSA programme [12] . Thirty-five ASF viruses representative of each of the ten previously identified p72 genotypes [1] were included for phylogenetic analysis purposes, bringing the total number of viruses used in this study to 102. A homologous region of 404 nucleotides was used for Minimum Evolution (ME), Maximum Parsimony (MP) and Maximum Likelihood (ML) methods of phylogenetic analysis. The HKY 85 nucleotide substitution model [13] with parameters recovered from the Akaike Information Criterion of Model Test [26] was used for ML analysis in PAUP [27] . For MP, equal weighting and successive weighting schemes Dixon & Wilkinson 1988 , are denoted by the superscript numbers '6' and '7', respectively. NK: Not known, * Indicates Ornithodoros ticks collected from warthog burrows, DRC: Democratic Republic of the Congo were investigated. A ME tree was inferred with MEGA v 2.1 [15] , employing the TamuraNei nucleotide substitution model [29] with a gamma distribution shape parameter of 0.80. Genotypes were assigned following previously defined criteria [1] .
Results
Trees with comparable topology were obtained with all methods of phylogenetic inference. A total of sixteen p72 genotypes were consistently recovered (Fig. 1) , of which thirteen occur within the East African region (Fig. 2) . Genotypes I-X correspond to those identified previously [1] , whilst p72 genotypes XI-XVI are reported here for the first time and are therefore regarded as novel (Table 2) . Genotype I (also referred to as the ESACWA genotype), initially identified in pig isolates from Europe, South America, the Caribbean islands and West Africa [1] , was found in this study to be present in East African sylvatic hosts such as bushpigs and ticks. Similarly, genotype V, X and XII viruses were recovered from both domestic pigs and from wild vertebrate and invertebrate hosts, indicating that the argasid tick vector moves readily between wild and domestic vertebrates within the regions in which these genotypes occur (Fig. 2) . These four genotypes I, V, X and XII were shown to be present in three, one, four and two EastAfrican countries, respectively (Fig. 2) , with some of these genotypes having a field presence of more than four decades (Table 2) . Genotypes XI, XIII and XIV appear to be associated Table 2 . exclusively with a sylvatic cycle as these viruses, which were collected in Zambia between 1983 and 1986, were all of tick (from warthog burrow) origin. Genotypes II, VI, VIII, IX, XV and XVI comprised exclusively domestic pig strains. Of these, II and VIII were confined to three countries each, and circulated for between 10 and 20 years in the field, genotype IX caused two temporally unrelated outbreaks in domestic pigs in 1995 and 2003, while the remaining genotypes were restricted to one country each and were associated with a single epizootic (and sometimes a single virus). The molecular phylogeny further revealed the presence of three distinct evolutionary groups (labeled A-C in Fig. 1 ). Viruses sharing a common evolutionary history fall within the following genotype clades:
(A) Genotypes I-VII (80% bootstrap support) (B) Genotypes VIII and XI-XVI (66% bootstrap support) (C) Genotypes IX and X (100% bootstrap support)
The 404 nucleotide region sequenced was A-T rich (57.3%) with a transition: transversion (si/sv) ratio of 4.1. There were 71 variable sites (Fig. 3) , of which 49 were parsimony informative and 22 were singletons. On amino acid level, 20 of the 134 codon sites were variable and 6 of these variable sites were parsimony informative. Levels of mean intra-genotypic variation ranged from 0% (genotypes II, VI, IX and XVI) to 0.7% (genotype XII), whilst mean inter-genotypic levels of variation ranged from 0.9% (between genotypes V and VI, and between genotypes XI and XII) to 8.0% (between genotypes V and X). The maximum level of sequence divergence between any two isolates was 9.8%.
Discussion
The presence of six more East African genotypes than was previously identified [1] was revealed by the molecular phylogeny. Genotypes I, V, X, XI, XIII and XIV are examples of viruses that are present within a sylvatic cycle (occurring either within eyeless tampans or sylvatic vertebrate hosts, or both), half of which have also caused outbreaks in domestic pigs. Genotype XII which comprised two viruses isolated 10 years apart from a tick and domestic pig may be an example of a pig-tick cycle but this requires confirmation by more intensive screening of sylvatic vertebrates within Malawi and Zambia. The pig-to-pig cycle is however classically exemplified by genotype VIII, which has been in active circulation for at least 23 years and is represented by 39 outbreak strains from three countries. A genetic feature of a domestic pig cycle appears to be a pronounced lack of genetic variation, as both genotype I in West Africa (where it has only been isolated from domestic pigs) and genotype VIII in East Africa have extremely low levels of intratypic variation (0.2% and 0.1%, respectively), with most isolates being identical to each other. This lack of genetic variation was also found following restriction enzyme profiling of some genotype VIII viruses from Malawi [28] . Although sample sizes of the remaining genotypes are inadequate to permit speculation on the epidemiological cycles into which they may be classified, the results indicate that all three ASF epidemiological cycles appear to exist in East Africa. Wherever a sylvatic cycle is confirmed, higher levels of genetic variation are recovered [1, 7] . The East African region is the most genotype rich, with thirteen p72 genotypes being identified. This far exceeds West Africa, which only contains one genotype in the ten countries previously screened [1] . Southern Africa is intermediate with at least eight genotypes (when Mozambique is excluded from the results) being identified thus far [5] . While many of the East African genotypes are apparently country specific (V, VI, IX, XI, XIII, XIV, XV and XVI), others (I, II, V, VIII, X and XII) are not restricted by national boundaries. In addition, most countries within the East African region have more than one genotype within their borders. Zambia is particularly genotype rich with seven genotypes being identified, followed by Mozambique with four, Malawi and Tanzania with three each, and Kenya and Uganda with two each.
The ASFV introduced to Europe through illicit movement of pig products [17] and which is widespread throughout West Africa [1] may have its origins in East Africa as this study revealed it to be present in the natural sylvatic hosts in Kenya (Kimakia I and Kimakia II viruses) as far back as 1961. As the classical ASFV transmission mode involving a sylvatic cycle could not be proven in West Africa [22] , it is likely that the disease was originally introduced from the East of the continent before becoming established in a domestic pig cycle in West Africa. The more widespread distribution of the ESACWA genotype identified in this study makes this genotype the most successful and extensively distributed genotype (being present in 22 countries) described to date.
The low levels of intratypic genetic diversity within the large and homogeneous genotype VIII necessitates an investigation into a more variable gene region in order to clarify within genotype relationships. In addition, the possibility that genotype I, which was previously believed to be confined to WestAfrica, originated from East Africa should be confirmed through sequencing of an alternative and more informative gene region. By focusing on typing ASFV from domestic pigs in East and Central African countries, where genotype I is present in the sylvatic hosts, it may also be possible to trace the route of entry of this virus into West Africa.
Both the sylvatic and domestic pig cycles appear to play an important role in the epidemiology of ASF in East Africa. The existence of multiple genotypes within countries, trans-boundary distribution of genotypes between countries and regional genotype richness adds to the complexity of ASF epidemiology in East Africa. As genotyping in this study was based on partial characterization of the gene coding for the immunodominant protein VP72, future vaccination campaigns could utilize this information when formulating vaccine for specific countries, since immunizing pigs with antigens from viruses distantly related to those with which they are challenged offers less protection [4, 20] . These factors are important considerations that need to be taken into account for effective control of the disease in East Africa.
